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Abstract
Background: There is considerable recent interest in the monitoring of individual surgeon or hospital surgical
outcomes. If one aggregates data over time and assesses performance with a funnel plot, then the detection
of any process deterioration or improvement could be delayed. The variable life adjusted display (VLAD) is
widely used for monitoring on a case-by-case basis, but we show that use of the risk-adjusted Bernoulli cumulative
sum (RA-CUSUM) chart leads to much better performance.
Discussion: We use simulation to illustrate that the RA-CUSUM chart has better performance than the VLAD in
detecting changes in the rates of adverse events.
Summary: We recommend the RA-CUSUM approach over the VLAD approach for monitoring surgical performance. If
the VLAD is used, we recommend running the RA-CUSUM chart in the background to generate signals that
the process performance has changed.
Background
The recent article by O’Neill et al. [1] opened the debate
about the best method for prospectively monitoring
surgical performance. They described the variable life
adjusted display (VLAD) approach, introduced by
Lovegrove et al. [2] and Poloniecki et al. [3], and dis-
cussed its advantages and disadvantages. They made
the point that retrospective monitoring, for example
with funnel plots, may result in delayed reactions to
worsening performance and requires the choice of an
arbitrary time interval for the data aggregation. Alter-
natives to the VLAD chart that also allow real time
prospective monitoring have been developed that alle-
viate some of its drawbacks. Here we describe the
risk-adjusted cumulative sum (RA-CUSUM) chart [4]
and discuss how the RA-CUSUM avoids the main
drawbacks of the VLAD approach. We note that these
methods can be used to monitor the rate of any ad-
verse event or complication not just for mortality
rates that we use for illustration.
Discussion
The VLAD chart plots the cumulative sum of the ex-
pected minus observed mortality. Sustained increases
or decreases suggest either better or worse perform-
ance than expected. While the VLAD appears popular
and provides an easy-to-interpret visual display, there
are a number of disadvantages and limitations of the
VLAD approach, some of which are described in
O’Neill et al. [1].
Disadvantages of the VLAD
The VLAD approach does not easily lend itself to set-
ting useful control limits. The control limits shown in
O’Neill et al. [1] are always widening. If based on the
true standard deviation of the VLAD statistic, the limits
would not be wavy. As a result of the widening, they
are unsuited for detecting changes in performance that
might occur at times other than the start of the moni-
toring. The problem is that the VLAD chart can build
up credit and be a long way from the relevant control
limit when the performance changes, thus failing to
quickly detect the change.
Also, we need to be careful in interpreting the control
limits for the VLAD presented in O’Neill et al. [1] as 5 %
limits. With a VLAD chart, as with any monitoring
method that accumulates evidence across time, the
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chance of a signal at time t depends on the level of the
cumulative statistic at time t-1. If the cumulative value is
close to one of the control limits it is more likely that a
signal will arise than if the value is near the middle of
the control limits.
For continuous monitoring approaches that accu-
mulate evidence across multiple patients it is better
to assess performance in terms of the run length dis-
tribution, where run length is defined as the number
of patients until the chart statistic exceeds the control
limits. Often the performance is summarized by the
average run length (ARL) and we want a large ARL
value when in-control, i.e., when the mortality rate is
as expected, and a small ARL value when the actual
mortality rate is substantially greater (or less) than
the expected rate.
Risk adjusted cumulative sum (RA-CUSUM) approach
An alternative prospective monitoring approach, first
proposed by Steiner et al. [4], is the RA-CUSUM chart
based on
Xt ¼ max 0; Xt−1 þmtð Þ; t ¼ 1; 2;… ð1Þ
where the score (based on the likelihood ratio) for each
patient in (1) is given by
mt ¼ log 1= 1−pt þ Rptð Þ½  if patient t surviveslog R= 1−pt þ Rptð Þ½  if patient t dies

ð2Þ
X0 = 0 and pt is the expected probability of death for
patient t. To detect an increased death rate we select
R > 1. Note that in contrast to the expected-observed
scores used in the VLAD, the patient scores given by (2)
are positive when a death occurs and negative for a suc-
cess. The cumulative sum Xt accumulates evidence of
poor performance over time, it is never allowed to be
negative so that a deterioration of performance at any
time (even after a series of favourable results immedi-
ately before the deterioration) will be quickly detected.
The patient scores given by (2) are optimal [5], in terms
of average run length, to compare the hypotheses
H0 : odds of death for patient t ¼ pt= 1−ptð Þ
HA : odds of death for patient t ¼ Rpt= 1−ptð Þ
ð3Þ
repeatedly over time provided all patients have the same
risk, and likely close to optimal otherwise. Note that
under H0 the odds of death equals what is expected,
while HA corresponds to a change in performance. We
choose R based on the size of the process change we are
interested in quickly identifying with R = 2 a common
choice. The hypotheses are set up in terms of the odds
of death rather than the probability of death for math-
ematical convenience and to prevent any probability
from exceeding one.
We use the RA-CUSUM to signal evidence that the
mortality rate has increased when Xt exceeds a horizon-
tal control limit. Setting an appropriate control limit for
a RA-CUSUM based on a desired in-control average run
length is discussed in Steiner et al. [4] and Zhang and
Woodall [6]. Figure 1 provides 10 example RA-CUSUMs
corresponding to 10 different simulated surgeons when
the observed and expected mortality rates are 5 % and
the control limit is set at 2.9, which gives an in-control
ARL of roughly 1300 patients. Note that each upward
jump in the CUSUM statistic corresponds to a death
while decreases correspond to a string of successes.
Comparison of RA-CUSUM and VLAD approaches
To compare the performance of the RA-CUSUM and
the VLAD charts we consider the four scenarios pre-
sented in Fig. 1 of O’Neill et al. [1]. While these sce-
narios do not require risk adjustment since all
patients are assumed to be interchangeable, they still
provide a useful comparison. We discuss the use of
risk adjustment later in this paper. We set up the
RA-CUSUM chart with R = 2 and a control limit so
that the in-control ARL is roughly 1300 patients. This
Fig. 1 10 example RA-CUSUMs showing 10 simulated surgeons with control limit at 2.9
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resulted in control limits of 2.9, 1.7, 3.4 and 3.4 in
the four scenarios respectively. In all scenarios we
simulated 10,000 RA-CUSUM charts and determined
the proportion of the CUSUM statistics that exceeded
the control limit at 10, 25, 50, 75, 100, 150 and 200
patients. Note that we are considering the proportion
of charts whose RA-CUSUM statistic exceeds the
control limit at a given patient not by a given patient.
Also, the simulated RA-CUSUM charts were not reset
after exceeding the control limit to match the usual
application of a VLAD chart. The results for the
VLAD approach in Table 1 were taken from Fig. 1 in
O’Neill et al. [1] since they conducted the same simu-
lation using the VLAD approach. The bolded values
in Table 1 correspond to better performance.
In Scenario 1 where we do not want a signal, since the
actual surgical performance matches the expected, the
VLAD and RA-CUSUM charts give similar results. For
Scenario 2 while the VLAD has a greater chance of de-
tecting the change in 25 or 50 patients the RA-CUSUM
is superior for 75+ patients. Due to the building up of
credit problem with the VLAD discussed earlier, the per-
formance of the VLAD will on average be much worse
than the RA-CUSUM if the change from 1 to 2 % mor-
tality occurs sometime after the start of the monitoring.
The same problem illustrated in Scenario 3 where the 6
deaths in a row generate a signal 100 % of the time by
the RA-CUSUM but only 32 % of the time by the
VLAD. Similarly, Scenario 4 results show the RA-
CUSUM is more likely to detect the small change in
mortality rate that starts at patient 100. Note that here
we designed the RA-CUSUM to be optimal for detecting
a doubling of the odds of death (corresponding to the
mortality rate of about 18 %). Had we instead designed
the RA-CUSUM to detect an increase to 12.5 % (odds
ratio of about 1.3) the RA-CUSUM chart would have
signaled in 15 % of the cases by 200 patients.
The RA-CUSUM charts we illustrate here are designed
to detect only increases in the mortality rate. It is
straightforward to run two RA-CUSUMs simultaneously
to look for both increases and decreases in the mor-
tality rate – see Steiner et al. [4] and Steiner [7] for
details. Also, usually a signal on a RA-CUSUM chart
would result in an investigation into the cause and
the chart would be reset to start at zero. Recall that
the RA-CUSUM charts simulated to obtain Table 1
were not reset after a signal. In scenario 3, had we
reset the RA-CUSUM after the signal at 100 patients
the chance of a further signal for the remaining pa-
tients would have been very small.
Risk adjustment
In most surgical monitoring applications risk adjustment
is required since patients are typically heterogeneous.
Our simulation did not use risk adjustment only to sim-
plify the comparison of the VLAD and RA-CUSUM
charts and to match the scenarios considered by O’Neill
[1]. In practice the risk adjustment is provided by a risk
model that summarizes how patient characteristics, such
as age, sex, etc., affect the chance of mortality or other
adverse event. In application the risk model is estab-
lished before starting the monitoring and can come from
the published literature or from a prior study conducted
in the context of the application.
For the RA-CUSUM the risk model is used to give
pt in (2) and thus, together with the observed out-
come, affects the score given to the tth patient. With
a VLAD chart the risk model provides the expected
mortality or adverse event rate. While comparing
these two different approaches to adjust for patient
risk was not the focus of this article, it is also of
interest. The results in Moustakides [5] suggest that
the RA-CUSUM approach is close to optimal for
changes in the mortality rate to that given by the alterna-
tive hypothesis in (3). Steiner et al. [4] provided a compari-
son of scores based on (2) and expected minus observed
scores (matching the VLAD approach) in a specific con-
text. This comparison suggests that the scores based on
(2) are better in all cases except when the change in mor-
tality rate is very small.
Table 1 Simulation comparison of VLAD and RA-CUSUM approaches
Scenario: expected, actual mortality rate Method Proportion of chart exceeding the control limit at patient
10 25 50 75 100 150 200
1: 5 %, 5 % VLAD 0.01 0.02 0.02 0.02 0.03 0.02 0.03
RA-CUSUM 0.00 0.00 0.01 0.01 0.02 0.02 0.03
2: 1 %, 2 % VLAD 0.01 0.08 0.08 0.06 0.14 0.18 0.21
RA-CUSUM 0.00 0.01 0.05 0.08 0.15 0.22 0.32
3: 10 %, 10 % but with 6 deaths in a row patients 94–99 VLAD 0.02 0.02 0.02 0.02 0.32 0.01 0.01
RA-CUSUM 0.00 0.00 0.00 0.01 1.00 0.37 0.22
4: 10 %, 10 % for first 100 patients, then 12.5 % VLAD 0.01 0.01 0.02 0.02 0.02 0.06 0.07
RA-CUSUM 0.00 0.00 0.01 0.01 0.01 0.07 0.12
The bolded values correspond to better performance
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Summary and Conclusions
The prospective monitoring of surgical performance
can contribute to improved outcomes and should be
promoted. For the reasons we explained, the RA-
CUSUM method has superior performance to the
VLAD approach. However, because the VLAD is easy
to interpretable and perhaps familiar to some sur-
geons, we suggest showing the VLAD with signals
generated by a RA-CUSUM chart run in the back-
ground. As pointed out by Woodall et al. [8], this is
the recommendation also made by Sherlaw-Johnson
[9], one of the originators of the VLAD.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
SHS drafting of the manuscript, analysis and interpretation of data,
conception and design, and revision of the manuscript critically for
important intellectual content. WHW conception and design, analysis
and interpretation of data, and revision of the manuscript critically for
important intellectual content. Both authors read and approved the
final manuscript.
Acknowledgements
The work of W. H. Woodall was partially supported by National Science
Foundation grant CMMI-1436365. The work of S.H. Steiner was partially
supported by the Natural Science and Engineering Research Council of
Canada grant 105240.
Author details
1Department of Statistic and Actuarial Science, University of Waterloo,
Waterloo, ON N2L 3G1, Canada. 2Department of Statistics, Virginia Tech,
Blacksburg, VA 24061-0439, USA.
Received: 2 October 2015 Accepted: 24 March 2016
References
1. O’Neill S, Wigmore SJ, Harrison EM. Debate: should we use variable adjusted
life displays (VLAD) to identify variations in performance in general surgery?
BMC Surg. 2015;15:102.
2. Lovegrove J, Valencia O, Treasure T, Sherlaw-Johnson C, Gallivan S.
Monitoring the results of cardiac surgery by variable life-adjusted display.
Lancet. 1997;350:1128–30.
3. Poloniecki J, Valencia O, Littlejohns P. Cumulative risk-adjusted mortality
chart for detecting changes in death rate: observational study of heart
surgery. Br Med J. 1998;316:1697–700.
4. Steiner SH, Cook R, Farewell V, Treasure T. Monitoring surgical performance
using risk-adjusted cumulative sum charts. Biostatistics. 2000;1:441–52.
5. Moustakides GV. Optimal stopping times for detecting changes in
distributions. Ann Stat. 1986;14:1379–87.
6. Zhang X, Woodall WH. Dynamic probability control limits for risk-adjusted
Bernoulli CUSUM charts. Stat Med. 2015;34:3336–48.
7. Steiner SH. Risk-adjusted monitoring of outcomes in health care, chapter 14.
In: Lawless J, editor. Statistics in action: a Canadian outlook. Statistical
Society of Canada, Chapman and Hall/CRC; 2015, p. 245–64.
8. Woodall WH, Fogel SL, Steiner SH. The monitoring and improvement of
surgical outcome quality. J Qual Technol. 2015;47:383–99.
9. Sherlaw-Johnson C. A method for detecting runs of good and bad clinical
outcomes on variable life adjusted display (VLAD) charts. Health Care
Manag Sci. 2005;8:61–65.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Steiner and Woodall BMC Surgery  (2016) 16:15 Page 4 of 4
